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INVESTIGATIONCTTBIZPENETMTIONWAN AIRJI!W

DIW!XX’EDIWRPENDICULARLYTO ANAIRSTRXAM

By EdmundE. CallaghanandRobertS.Ruggeri

An expertientalinvestigation wasoonductedto detemninethe
penetrationofa circul~ airJetdirectedperpendicularlyto an
airstreamas a functionof jetdensity,Jetvelocity,air-stream
deneity, atr-stresmvelocity,jetdiemeter,anddistancedownstream
frcmthejet. Thepenetrationwasdetemninedfornearlyconstant
valuesofair-streemdensityattwotunnelvelocities,four jet
diameters,fou positionsdownstreamof theJet,andfora large
rangeof jetvelocitiesanddensities.k equationforthepene-
trationwasobtainedintermsofthejetdiemeter,thedistance
downstreamfrm theJet,endtheratiosof jetandair-stremn
velocitiesenddensities.

INTROIXJCTION

Theintroductionof a g= orvaporintoen airstreamforthe
purposeofheatingtheairstreambymixingorburni~oftenneoes-
sitatesrapidmixingofthegaaorthevaporwiththeairstream.
Thehighde~ee ofturbulencecreatedby a jetdirectedperpen-
dicularlyto an airstream&f em a meansof obtainingeatIsfactory
mixing. TheJetmustrapidlypenetratetheairstreamInorder
thatthismixingbe acccanpllshedina shortdistance.Onemethod
ofobtalnlngadequatepenetrationIstheutillzationofthekinetic
energyof a high-velocltyjet.

An investigationto detexminethepenetrationof a high-
velocttycircularairJetdirectedperpendicularlyto anairstream
wasundertakenina 2-by 20-fnch-ducttunnelat theNACACleveland
laboratory.Thepenetrationat severalpositionsdownstreamofthe
jetweadeterminedattunnelvelocitiesof260and360feetper
secondforfourset(orifice)diemetersenda rmge oforifice
pressuredropsfrom5 to 50 inchesofmercury.
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Investigateionoonsistedcd’twoparts:
(1.)calibrationoftheorifices,und(2)measurements-ofthedepth
ofpenetraticmM the$ets.

Calibrationof orifioes.-Fourthin-plateorifioes,l/16inoh
thickand0.250,0.375,0.500,and0.625inchindiameter,were
calibratedinstillairandthetotal-pressuredietributionatthe
orifioeplaneforeaohjetwasdeterminedfora rangeofstatic-
pressuredrqa aurosstheorifiue.

Measurementofdepth& penetration.-Thepenetrationofthe
jetintotheairstresmwasmeasuredatfourpositionsdownstream
aPtheorificeoenterline.At therearmostposition,20.25inohes
downstream,a permanentrakewasusedthatconsfstedof22tabal-
pressuretubesand22thermocouplesalternatelyspaoed1/2inoh
apart.An ad$zstablerakeconsisting& 24themmoouplesspaoed
on1/4-inohoenterswasusedtomeasurethepenetration4.63,7.94,
and14.19inchesdownstreamoftheorificeoenterline.At each
positionoftheadjustablerake,theJetpenetrationswereInves-
tigatedfora rangeofetatio-pressuredropsfrcun5 to 50inohes
ofmercuryattunnelvelocitiesof approximately260and360feet
persecondfornearlyconstantvaluesofair-streamdensity.

Inordertofacilitatethedeterminationofthepenetration,
heatedairfortheJetwassuppliedatapproximately400°F by
passingtheairthroughaneleotrioheater.Frantheheater,the
airwaspassedintoa plenumchamber,theupperwallofwhichcon-
tainedtheJetorifice,asshowninfigure
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Thetemperaturedatawerereoordedon
pressuredatawerephotographedfrcma

SYMBOLS

Thefollowingsymbolsareusedinthe

1.

a flightrecorderand
multiplemancmeter.

caloulations:

localspeedofsoundatvenacontracta,feet~r second

diameteroforifice,feet

aocelerationdueto @avity,32.2feetpersecondperseoond

depthof ~etpenetratlonintoairstreamatdistances down-
stresm$franorificeoenterline~ feet
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totalpressure,inchesal?mercuryabsolute

oonstantj53.3foot-poundsperpoundper%’

mixingdistanoeordistancedownatremn&am orificecenter
line,feet

totaltemperatureof jet,%

velocityof jetatvenacontraota$feetpersecond

velocityoffreestreem,feetpersecond

ductwidth,feet

ratioofspecifioheatsofair,1.400

viscosityof Jet,slugsperfoot-seoond

viscosityoffreestresm,slugsperfoot-second

massdensityof jetairatvenacontracta,slugsperoubic
foot

m=s densityoffree-streemair,slugspercubicfoot

METHODSOFCALCULATION

Thetotal-nressuredistributionaorosstheorificesindicated
a un~ormtotalpressurefora Mrge partofthediameter,&e
showninfigure=. Becauseofthl;u&orm dlstrlbution,-theJet
velocityVJ wasbasedonthemaxtiumtotalpressure.The
vel~cityVJ andthedensityPj atthevenacontractormini-
mumsection,weredeterminedwiththecapressible-flowrelatio~
forthesubsonicorunchokedcondition.

Whenthestatfc-pressureratioaorosstheorificeexceeded
thatnecessaryforchoking,theJetvelocityatthevenacontraota
equalledthelocalspeedofsoundintheheatedair. The Jet
velocityatthevenacontractaforthiseasewasdeterminedfrom
thefollowingequation:

‘J ‘%=/3== ’4=’-”
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Thejetdersityforthechoked
thetotaltemperatureandthetotal
equation:

1
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conditionwasdeterminedfrom
pressureby usingthefollowing .

d \&/ ‘J

RE8UlXSANDDEX!’W310N

A simpledimensionalanalysisinvolvi~
wasmadeandthefollowingresultobtained:

theknownvariables

$=’(*) (2)(W8(t)(%)
Thisdevelopmentappliestoa circularorificelocatedina plane
paralleltoemairstream,as Zndicatedinfigure1.

In orderto evaluatethepenetrationfrcmthetanmrature
prafiles,itwasnecessarytodefinethepenetrationas thepoint
atwhichthetamperatuyeis1°F abovethefree-streamtotaltem-
perature.Thissrbitraryassumptionwasmadebecaused thedif-
ficultyencounteredindeterminingtheexactpint atwhichthe
temperaturereturnedtofree-streamtotaltemperatureowingtothe
rapidchangeincurvaturectftheprofilesnearthispoint,as
showninfigure3. Thevariationinthemaximumtemperaturerise
ofthevariouscurvesiscausedbythechangein Jet-airteqera-
tureandthech=ge injetmaasflow.

In orderto slmplify theanalysisofthedata,itwasneces-
saryto considerthedataintermsat’a singleJetdiameteranda
singlerake~ition. ThuEthemixingdistance- diameterratio
s/DJ andthewidthcoeffIcientw/DJ becameconstant.In addi-
tion,becausetheJettemperatureswqrenearlyconstant,the
variationofthevisoosity
effectwasnotconsidered.
thedensityratio PJ/Po~

Reynolds

fIcient

ratiopj/Kowasverysmall-andits
In thisway,allthepersmetersexcept
thevelocityratioVJ/Vo,andtheJet

wereeltiinated.

asa functionof

Thepenetrationcoef-

theprduct&the

.
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densityand velooityratios
Becauseno mneistenttrend

anda singlecurvewasobtained.
inthesedatacouldbe observed,the

effectof jetReynoldsnumberwasconsideredtobe small.Similar
plotsforothervaluesofthejetdiameteratthesamerakeposi-
tionyfeldeda femilyofourves.Thefamilyofcurvesobtained
atthe7.94-inchrakestationforthefourvaluesof $etdiameter
areshowninfigure4. Furtheranalysisofthisfigureindioated
thatth membercurveswereseparatedby a faotorthatwasequal
to &1 DJ. Itwast.hereforepossibleto plotpenetrationooef-
ficientagainsttheproductofthedensitratio,velooityratio,
andthepreviouslydeterminedfactor &1 DJ andto obtaina
singlecmrve.

A similarprocedureW= followedfortheremainingrakesta-
tionsanda singlecurvewasobtainedforeaohrakepositionby
usingthesameparametersmd factor.Itwasnotobvious,how-
ever,whetherthewidthcoefficientorthemixingdistance-
diameterratiom theprimaryvariableseparatingtheowes
becauseboththewidthandthedistancedownstreamwereconstant.
Whentheseplotswerecombined,thefamilyofourvesshownin
figure5 wasobtained.Becausethewidthwasinvariable,the
mixingdistanoewasaasumedtobe theprimaryvariableseparating
thecurves.A plotofthepenetrationooefficientagainstthe
productofthevelooity ratio,densItyratio,andthesquexeroot
ofthemixingdistance-,diameterratiowasconstructedanda
sfnglecurvewasobtained(fig.6). Becauseno consistent
scattercouldbe observedinthedata,theeffectofviscosity
ratioendjetReynoldsnranberforallthejetsisindicated
tobe smeLlfora rangeofviscosityratiosfrom1.5to1.9
andjetReynoldsnumbersfrom60,000to500,000.

A faotorthatprobablyincreaseddepthofpenetrationin
theseexperimentsistheconl?iningeffeotofthetunnelwalls.
Fora rangeofwidthooefficientsfrom3.2to 8.0,however,no
effectoo;ldbefound.

h equationthatfittedthee~erhentalcurve
hasbeenobtained:

Curvesofthemixingdistance- diameterratio

offigure4

asa funotion
ofthepenetrationcoeff~cientforconstantvalues& theproduct
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ofthedensityandvelocityratiosas obtainedfromthiseauation
are
the

Jet

showninfigure7. Thesecurvesindloatetheactual.s~apeof
penetrationboundary.

sumARYaFREsuLTs

Frauen investigationtodetemninethepenetrationaPanair
direotedperpendicularlyto an airstreem,thefollowing

resultswereobtained:
—

1.Thefollowingempiricalequattonwasdeterminedforthe
penetrationcoeffioisntIntezmsofthedensityratio.thevelocity
ratio,andthemixingdistance

1.65

“()
2
q=

- diaeterratio: “

where 2 isdepthof Jetpenetrationintoairstresmat distances
downstream!f’romorificecenterline;DJ, orificediemeter;P~, mass .
densityd jetafrat vena contracta;pO, mS d~~ty of fr=-
stresmair; vj~ velocityof Jetatvenacontracta;and VO, veloc- *
Ityoffreestreem.

2.Thevariational?penetrationcosffIcientwithJetReynolds
number,widthcoefficient, andviscosityratiowasfoundtobe
negligiblefora rangeof jetReynoldsnumbersfrom60,000to
500,000,a rsngeofwidthcoeffIcientsfrcm3.2to 8.0,anda
ranseofvlscosltgratiosfrcu.u1.5to 1.9.

FlightR?opulsionResearchLaboratory,
NationalAdvisoryCmnmltteeforAeronautics,

Cleveland,Ohio,March9,M4S.
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